The product of the p53 tumor suppressor gene has a well-documented activity as a transcriptional activator, and several studies indicate that this function is at least in part essential for the ability of p53 to suppress cellular proliferation. However, there is growing evidence that some activities of wild-type p53 may be independent of its trans-activation function; in fact, recent investigations have indicated that the transcriptional repression function of p53, rather than its trans-activation function, may be influential in p53-mediated apoptosis. The focus of this study has been on the identification of genes that exhibit decreased expression during p53-dependent apoptosis, and therefore represent potential p53-repressed genes influential in programmed cell death. This report identifies the gene encoding the microtubule-associated protein MAP4 as one whose mRNA and protein expression decrease in cells following induction of wild-type p53. Importantly, decreased MAP4 expression following p53 induction can be inhibited by molecules that prevent p53-mediated transcriptional repression and apoptosis, such as the adenovirus E1B-19K protein and the Wilms tumor gene product WT1. Additionally, overexpression of MAP4 in cells induced to undergo p53-dependent apoptosis significantly delays this process, indicating that the negative regulation of this gene by p53 may be influential in the rapid progression of apoptosis.
The protein product of the p53 tumor suppressor gene has a well-established role in the suppression of cellular growth and transformation, as well as in the establishment and maintenance of growth arrest subsequent to DNA damaging events (for review, see Gottlieb and Oren 1996) . Significantly, this gene is frequently deleted or inactivated by point mutation in diverse human cancers (Levine 1993} , indicating that its activities are antagonistic to the uncontrolled cellular proliferation that is the hallmark of neoplastic growth. The best characterized function of p53 remains its ability to function as a transcriptional trans-activator, binding specifically to p53 response elements and activating the expression of adjacent genes. Several p53-induced genes have thus far been isolated; among the best-characterized are those encoding mdm2, the normal cellular regulator of p53 (Barak et al. 1993; Wu et al. 1993) , GADD45 (Kastan et al. 1992) , and p21/Wafl/Cipl (E1- Deiry et al. 1993) . In particular, trans-activation of the latter cyclin-dependent kinase inhibitor has been shown to be partially responsible for the G~ growth arrest mediated by p53 (Deng et al. 1995) . Alternatively, in some cell types induction of wild-type p53 can cause cells to undergo apoptosis; in this case, the 1Corresponding author.
contribution of p53-mediated trans-activation is less clear, and may be required only in certain cell types (Caelles et al. 1994; Wagner et al. 1994; Haupt et al. 1995; Sabbatini et al. 1995b) .
The p53 protein has a less well characterized activity in the negative regulation of transcription. In transient assays, p53 has been shown to repress transcription driven from certain viral promoters, as well as from some cellular genes, such as PCNA and c-fos (Ginsberg et al. 1991; Seto et al. 1992; Mack et al. 1993) . Significantly, recent studies indicate that the transcriptional repression function of p53 may be influential in the ability of this protein to mediate programmed cell death. Specifically, these studies indicate that proteins that inhibit p53-mediated apoptosis, such as WT-1, bcl-2, and the adenovirus E1B-19K protein, also function to inhibit the transcriptional repression function of p53, whereas the ability of this protein to function as a trans-activator remains unaffected (Shen and Shenk 1994; Maheswaran et al. 1995; Sabbatini et al. 1995a) . Currently, however, the elucidation of the mechanism of p53-mediated repression has been hindered by the fact that p53-repression studies typically are performed using transient expression assays under conditions of artificial overexpression of both p53 and target promoters, where "squelching" by p53 can occur. In fact, to date, no en-dogenous gene whose expression is decreased following physiological induction of wild-type p53 has been identified.
In this study, the hypothesis that p53 functions as a transcriptional repressor as well as an activator has been tested. Experiments were designed to identify genes that are down-regulated following p53 induction, and in turn may be influential in mediating p53-dependent apoptosis. The technique of differential display (Liang and Pardee 1992) has been employed to identify cDNA clones representing genes exhibiting decreased expression following induction of wild-type p53 in a cell line that undergoes p53-mediated apoptosis. DNA sequence analysis of two of these cDNA clones revealed that one shares significant homology with the human FK506 binding protein 25 (FKBP25). Another cDNA was found to be identical to that encoding murine MAP4, a microtubule binding protein whose function is believed to involve the catalysis of microtubule polymerization. The identification of these two genes as candidate p53-repressed genes has implications for understanding the ability of p53 to mediate several diverse functions, such as apoptosis, growth arrest, and the control of cellular ploidy.
Results

mRNA levels for DD1 and DD14 are decreased at the transcriptional level during p53-dependent apoptosis and growth arrest
In order to assess the similarities and differences between p53-mediated apoptosis and growth arrest, analysis was made of the gene expression differences between the murine embryo fibroblast-derived cells lines Val5 and Vml0. The Val5 cell line was generated by transfection of the murine cell line 10.1, which contains no endogenous p53, with the temperature-sensitive p53 allele encoding valine at amino acid 135 (Wu et al. 1993) . Culture of Val5 cells at 39~ results in asynchronous growth, with the majority of p53 protein in a mutant conformation; temperature shift to 32~ causes the majority of p53 to assume its wild-type conformation and activity, resulting in a well-characterized growth arrest in the G1 phase of the cell cycle (Wu et al. 1993 ). The Vml0 cell line is a clonal derivative of Val5 cells that has been stably transfected with an expression construct encoding the c-myc proto-oncogene; the establishment and characterization of this cell line has been described recently (Chen et al. 1996) . Importantly, while the growth of a majority of Val5 cells is arrested in G1 at 32~ p53 induction in Vml0 cells predominantly results in programmed cell death, or apoptosis. These derivative cell lines therefore serve as a useful model system for elucidating the molecular and biochemical distinctions between p53-mediated apoptosis and growth arrest.
Differential display analyses were performed on total RNA isolated from Val5 and Vml0 cells cultured at 39~ and after temperature shift to 32~ (and wild-type p53 induction) for 8 and 30 hr. At these temperatureshift time points, the number of Vml0 cells demonstrating morphological indicators of apoptosis, such as cellular rounding up and chromatin condensation, is -15% and 80%, respectively (data not shown). These analyses revealed the existence of several cDNA species exhibiting increased expression at 32~ and fewer cDNAs exhibiting decreased expression at this temperature, in both cell lines (data not shown). However, there was no evidence for the existence of cDNAs that were up-or down-regulated specifically during growth arrest or apoptosis; rather, the gene expression profiles of these two cell lines at 32~ were indistinguishable from each other (data not shown). Because of the implied relationship between p53-mediated transcriptional repression and apoptosis, focus was placed on the identification of genes exhibiting decreased expression following p53 induction.
Two of the down-regulated cDNA species identified and isolated from these studies, termed DD1 and DD14, were cloned and used for RNase protection in Vml0 and its parental cell line, Val5, which undergoes p53-mediated G 1 growth arrest at the permissive temperature. The level of expression of DD1 message is decreased -75% and 95% in Vml0 cells after temperature shift to 32~ for 8 and 30 hr, respectively (Fig. 1A , lanes 2-4}. Similarly, the level of DD 14 message is decreased -65% and 95% following temperature shift for these time points (lanes 5-7). Similar decreases occurred in growtharrested Val5 cells (data not shown). In contrast, the mRNA levels for [3-actin remained constant in these cells (Fig. 1A, , as did that of several other genes tested, such as glyceraldehyde-6-phosphate-dehydrogenase (GAPDH; data not shown). RNase protection of DD1 and DD14 in 10.1 cells indicated that there were no alterations in these mRNA levels following temperature shift; therefore, the decreased expression of this gene was not the result of temperature shift alone {data not shown). Sequence analysis of the DD1 cDNA clone and comparison with sequences in the GenBank data base revealed homology to the gene encoding human FK506 binding protein 25 (data not shown). DD14 demonstrated nearly 100% homology with the 3' untranslated region of the gene encoding murine MAP4 (microtubule-associated-protein 4) {data not shown).
In an effort to determine whether decreases in DD1 and Map4 mRNA levels following p53 induction occurred at the transcriptional or post-transcriptional level, nuclear run-on assays were performed. Figure 1B depicts data from nuclear run-on transcription assays performed on nuclei isolated from Val5 cells cultured at 39~ and following temperature shift to 32~ for 24 hr. As evident in the figure, following temperature shift to 32~ the rate of transcription from the cellular promoter for GAPDH is not significantly altered, whereas that from the Map4 promoter is decreased -56%, and that from the DD1 promoter decreases 60%. In contrast, the rate of transcription from the mdm2 gene, a p53 positively regulated gene, increases -400%. Therefore, at least part of the negative regulation of DD1 and Map4 following p53 induction occurs via a decrease of transcription from the promoters of these genes. Because of its potentially widespread and interesting effects, focus Figure 1 . Temperature shift induces decreased DD1 and DD14 (Map4) RNA levels in cell lines with temperature-sensitive p53. IAJ RNase protection of DD1, DD14 (Map4), and ~-actin mRNA in Vml0 cells grown at 39~ (lanes 2 and 5, respectively) and following temperature shift-mediated induction of wild-type p53 at 32~ for 8 (lanes 3 and 6) and 30 hr (lanes 4 and 7). The Map4 mRNA utilizes two distinct polyadenylation sites, and the Map4 cDNA used for RNA probe generation represents the smaller of these two polyadenylated forms; this probe routinely detects two different protected species, representing both polyadenylated forms of Map4 mRNA. Yeast tRNA is included instead of total RNA as a negative control (lane 1 ). (B) Nuclear run-on analysis using [32p]UTP-labeled nuclei from Val5 cells grown at 39~ (top panel) or following temperature shift to 32~ for 24 hr (bottom panel). Filters contain 10 ~g of plasmids encoding a negative control/pBluescript SK-}, murine GAPDH, plasmid K042 encoding full-length Map4 eDNA, DD1, and full-length routine mdm2. (C) Quantitation of nuclear run-on data from Val5 nuclei harvested from cells grown at 39~ (dark gray bars) and after temperature shift to 32~ (light gray bars). The data shown represent the average values from two independent run-on experiments following normalization to GAPDH levels, except for the mdm2 data, which is from a single experiment.
was placed on the investigation of the nature and consequences of the negative regulation of Map4 following p53 induction.
MAP4 m R N A levels are decreased during physiological induction of p53
To determine whether reduction of the steady-state level of Map4 message occurs during physiological induction of p53, RNase protection was again employed. For these studies, cells that contain wild-type p53 (the murine m a m m a r y tumor cell line C127), or are null for p53 (10.1), were treated with UV irradiation; Map4 m R N A levels were analyzed at several time points following irradiation. Treatment of C127 cells with 10 J/m z of UV irradiation resulted in consistent and stepwise decreases in Map4 transcript levels as determined by RNase protection, whereas [3-actin expression remained constant ( Fig. 2A) . In contrast, no alterations in Map4 levels were seen following UV irradiation of 10.1 cells {null for p53) (Fig. 2B ). The average results from two independent RNase protection experiments indicate that Map4 m R N A levels are -9 0 % reduced in C127 cells 24 hr following UV treatment, but remain unchanged in cells lacking p53 (data not shown). Similar reductions in Map4 message levels were also detected in Balb c/3T3 cells, which contain wild-type p53, following treatment with UV radiation (data not shown).
In an effort to identify the domains of the p53 protein necessary for mediating Map4 down-regulation, RNase protection of Map4 m R N A was performed on several murine cell lines containing derivatives of the temperature-sensitive p53 allele valine135. The cell line 10.1 Val5 25/26 contains the stably integrated p53 mutant cDNA valine135/ser25/arg26. This mutant is equivalent to the h u m a n 22/23 mutant, and is incapable of transcriptional activity on endogenous p53-responsive genes because it contains a defective trans-activation domain (Lin et al. 1994; J. Lin and A.J. Levine, unpubl.) . The results of this experiment show that this mutant is also incapable of causing decreased levels of Map4 message following temperature shift (Fig. 3 , lanes 1 and 2). C18 cells contain the temperature-sensitive p53 allele lowing identical treatment (Fig. 3B ). Taken together, these data indicate that decreased Map4 mRNA levels occur during both p53-mediated growth arrest and apoptosis and require an intact trans-activation domain, and this also occurs in the human EB-1 cell system. However, down-regulation of this gene may well be limited to a pathway of apoptosis that is p53-dependent. Figure 3 . Decreased expression of Map4 mRNA requires mufine p53 codons 25 and 26, does not occur during p53-independent apoptosis, and is conserved in human cells. (A) RNase protection analysis of Map4 and ~-actin levels in several murine cell lines grown at 39~ (lanes 1,3,5, and 7), and following temperature shift to 32~ for 24 hr (lanes 2,4,6, and 8) . All cell lines contain temperature-sensitive p53, and are assayed at 39~ (mutant conformation) and 32~ (the permissive temperature) with the exception of T21; these cells were maintained at 39~ and treated with 1.0 ~M dexamethasone for 24 hr to induce p53-independent apoptosis. (B) Northern analysis of Map4 message levels in the cell line EB-1, a human colorectal carcinoma cell line with a stably transfected zinc-inducible p53 gene, as well as the parental cell line EB, which contains no p53. Cells were treated with 0.1 mM ZnCI~ for the indicated times; ~-actin is shown as a control for loading.
valine135 coupled with a constitutively overexpressed E2F-1 gene. These cells, like Vml0 cells, undergo apoptosis at the permissive temperature (Wu and Levine 1994) , and likewise demonstrate decreased Map4 expression following p53 induction (Fig. 3, lanes 3-6) . Similarly, temperature shift of the cell line VasS, which contains the temperature-sensitive alternative splice form of murine p53 (valine 135-AS; Bayle et al. 1995) , also induces decreased Map4 mRNA levels following p53 induction {lanes 7 and 8).
An analysis was also carried out with the murine cell line T21. This line is derived from a T-cell lymphoma, and contains only mutant p53 (data not shown). Treatment of T21 cells with the glucocorticoid analog dexamethasone induces a rapid and uniform entry into apoptosis, as determined by nuclear morphology and DNA ladder formation (data not shown). RNase protection of Map4 mRNA in dexamethasone-treated T21 cells indicates that this form of p53-independent apoptosis is not accompanied by decreases in steady-state MAP4 message levels (see lanes 9 and 10). Finally, analysis of the human colon carcinoma EB-1, which contains a metalinducible p53 gene, demonstrates that treatment with ZnC12 {Shaw et al. 1992) causes stepwise decreases in Map4 mRNA levels following p53 induction. In contrast, parental EB cells (no p53) exhibit no such changes fol-
Negative regulation of Map4 by p53 is inhibited by E1B-19K and WT1 proteins
It has been reported that coexpression of the adenovirus E1B-19K protein can inhibit the transcriptional repression ability of p53 in transient expression assays (Shen and Shenk 1994; Sabbatini et al. 1995a) . These findings prompted an examination of the effect of this adenoviral protein on the ability of p53 to mediate Map4 mRNA decreases in stable cell lines. The 10VmH cell line is a 10.1-derived line that contains a stably transfected temperature-sensitive p53 mutant valine135, as well as a constitutively expressed c-myc gene. Like Vml0 cells, these cells undergo apoptosis in response to p53 induction at 32~ (X. Wu and A.J. Levine, unpubl.) . Unlike Vm 10 cells, however, 10VmH cells contain both p53 and c-myc on the same expression vector, which contains a selectable marker for hygromycin resistance; therefore, this line is particularly useful for further transfection studies.
10VmH cells were stably transfected with an expression construct for the E1B-19K gene driven by the cytomegalovirus immediate--early promoter and conferring neomycin resistance (10VmH-C) or with vector alone (10VmH-A). Several stable neomycin-resistant subclones of both lines were isolated. Importantly, whereas 10VmH-A cells (vector alone) undergo apoptosis upon temperature shift to 32~ independent subclones of 10VmH-C cells (E 1B-19K protein)were consistently protected from apoptosis, and instead exhibit growth arrest at this temperature, as demonstrated by flow cytometry of cells stained with propidium iodide (data not shown). This result is consistent with data indicating that the E1B-19K protein inhibits p53-induced apoptosis, but not growth arrest (Sabbatini et al. 1995a) . RNase protection analysis of Map4 mRNA in 10VmH-A cells (vector alone) indicates that these cells consistently exhibit decreased Map4 message levels following temperature shift (Fig. 4A, lanes 1 and 2) . In contrast, both pooled (lane 4) and independent subclones of 10VmH-C cells (with E1B-19K protein)(lanes 6 and 8)failed to exhibit any decrease in Map4 mRNA following wild-type p53 induction.
As is the case with bcl-2 and E1B-19K, coexpression of the Wilms tumor gene WT-1 can inhibit p53-mediated apoptosis, as well as p53-mediated transcriptional repression, as measured in transient assays (Maheswaran et al. 1995) . Two independent clones of 10VmH cells (temperature-sensitive p53 plus cytomegalovirus (CMV)-c-myc) stably transfected with the WT-1 tumor suppressor gene were generated; these subclones were confirmed to express the WT1 gene at the RNA and protein levels (data not shown). Significantly, like E1B-19K, cell lines Figure 4 . Decreased Map4 expression following p53 induction is blocked by expression of E1B-19K protein and WT1. RNase protection analysis of Map4 and J3-actin levels in 10VmH cells stably transfected with CMV-vector alone (10VmH-A), or with expression constructs encoding E1B-19K (10VmH-C) or the full-length Wilms tumor suppressor gene cDNA (10VmH-WT1 and -WT2). Total RNA was isolated and analyzed following temperature shift to 32~ for 24 hr. Stably transfected independent subclones expressing E1B-19K (clones 1 and 4) and WT1 (clones WT1 and WT2) were analyzed, except for lanes 3 and 4, in which pooled G418-resistant clones transfected with E1B-19K were analyzed.
stably expressing the WT1 gene failed to demonstrate Map4 mRNA decreases following wild-type p53 induction (Fig. 4B, lanes 4 and 6) . On the other hand, several independent 10VmH subclones transfected with the parental vector alone consistently demonstrated Map4 decreases at the permissive temperature (Fig. 4B , lanes 1 and 2, and data not shown). Therefore, E 1 B-19K and WT 1 proteins, both of which selectively target and inhibit p53-mediated transcriptional repression in transient assays, can also prevent the decreased expression of the endogenous Map4 gene following p53 induction in these stable cell lines.
MAP4 organization is rapidly altered during p53-mediated apoptosis, but not during p53-mediated growth arrest
In order to elucidate the nature of MAP4 alterations at the protein level, both Western and immunofluorescence analyses were performed on Vml0 and Val5 cells following temperature shift using antisera generated against the MAP4 protein. As shown in Figure 5 , steadystate levels of MAP4 protein are decreased in Vml0 cells following temperature shift to 32~ (lanes 1-31. Nearly Figure 5 . MAP4 protein levels are decreased following p53 induction in Vml 0 and Val5 cells. Immunoprecipitation-Westem analysis of MAP4 protein levels in Vml0 and Val5 cells grown at 39~ and after temperature shift and wild-type p53 induction at 32~ for 24 and 48 hr. Equal amounts of protein were precipitated with polyclonal antisera directed against murine Map4, followed by Western analysis using IF5 MAP4 monoclonal. identical decreases in MAP4 protein levels were detected in Val5 cells following temperature shift (lanes 4--6). There was, however, no significant decrease in the steady-state level of ~-tubulin following temperature shift, nor were MAP4 protein levels altered by temperature shift in 10.1 cells (data not shown).
Somewhat surprisingly, immunofluorescence of MAP4 protein revealed that the organization of this protein is altered dramatically in Vml0 cells, but not Val5 cells, very shortly following p53 induction. As shown in Figure 6 , in both Vml0 and Val5 cells cultured at 39~ MAP4 protein is organized in a filamentous pattern, and colocalizes with the mitotic spindle in cells undergoing mitosis (panels A and D; see arrows). Double-labeling experiments indicate that this pattern is indistinguishable from f3-tubulin (data not shown). Temperature shift to 32~ is accompanied by a rapid decrease in both the fluorescence intensity and organization of MAP4 protein in Vml0 cells, which are programmed to undergo apoptosis. Four hours following temperature shift to 32~ the fluorescence intensity of this protein is greatly diminished, and after 24 hr this protein is virtually undetectable (Fig. 6 , panels B and C, respectively). In contrast, MAP4 protein is only subtly altered in Val5 cells at 32~ (panels E and F). 10VmH-C cells, which are protected from MAP4 decreases by the E1B-19K protein, show no alterations in MAP4 fluorescence pattern after incubation at 32~ for 24 hr (data not shown). Therefore, whereas MAP4 protein and mRNA levels demonstrate similar reduction during p53-mediated growth arrest and apoptosis, changes in the organization and fluorescence intensity of MAP4 are markedly more pronounced during apoptosis, and occur more rapidly than would have been predicted based on the mRNA and Western data.
Overexpression of MAP4 in Vml 0 cells delays apoptosis, as measured by the accumulation of cells with a sub-G1 DNA content
The combined data from immunoprecipitation and im- munofluorescence experiments pointed to the possibility that two levels of negative regulation of MAP4 exist in apoptotic cells; one of these is transcriptional repression following p53 induction. Additionally, however, the organization of MAP4 on microtubules also is altered dramatically during apoptosis. Immunofluorescence with tubulin antibodies indicates that, like MAP4, microtubule organization was rapidly (by 4 hr) altered in Vml0 apoptotic cells (data not shown), but it is unclear whether this is a cause, or an effect, of the negative regulation of MAP4. In order to explore the consequences of both of these types of negative regulation of MAP4 in the process of apoptosis, the effects of overexpression of MAP4 during apoptosis was assessed. Therefore, either CMV-Map4 or the parental vector CMVneoBam3 was transiently cotransfected into Vml 0 cells grown at 39~ along with the plasmid CMV-CD20, which encodes the B cell-specific membrane antigen CD20. Thirty-six hours following transfection, transfected cells were temperature-shifted to 32~ for 8 or 24 hr to activate wildtype p53, and then analyzed by flow cytometry. Flow cytometric sorting of CD20-positive cells effectively allows one to sort and analyze specifically the DNA-transfected and cotransfected cell population, to then assess the effects of the transfected gene(s) (van den Heuvel and Harlow 1993) . Cell staining with propidium iodide measures DNA content prior to cell sorting, and the population of cells containing a sub-G 1 DNA content, representing primarily apoptotic cells with fragmented DNA, can be quantitated and used as a measure of the ability of a population of cells to undergo apoptosis. A similar type of analysis recently has been utilized to demonstrate the protective effect of mdm2 on p53-mediated apoptosis in some cell types (Haupt et al. 1996) and on p53-mediated growth arrest in others (Chen et al. 1996) .
Transient cotransfection of the parental vector, CMVneo-Bam3, with CMV-CD20 did not significantly alter the percentage of Vml0 cells with a sub-G1 DNA content after 24 hr of temperature shift to 32~ (Fig. 7A , cf. CD20-positive vs. CD20-negative). In contrast, cells transfected with CMV-Map4 and CMV-CD20 consistently demonstrated a significantly decreased percentage of cells with a sub-G1 DNA content (Fig. 7B , CD20-positive vs. CD20-negative). The combined results from three independent transfection/flow cytometry experiments, followed by either 8 or 24 hr of temperature shift to 32~ are depicted in graph format in Figure 7C . Briefly, these data indicate that, following 24 hr of temperature shift to 32~ nontransfected Vml0 cells and vector-alone transfectants contain 35.1 + 3.8% and 35.45 +-0.25% of cells with a sub-G1 DNA content, respectively. In contrast, Map4-transfectants contain 23 +2.6% of cells in this population; the difference here is statistically significant (Student's t-test, P < 0.0005).
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Cold A slightly greater protection from apoptosis was seen after transfection of the bcl-2 gene (Fig. 7C ).
Discussion
In this study, the technique of differential display has been used to identify genes exhibiting decreased expression following p53 induction in cells destined to undergo p53-mediated apoptosis. Although the collected data suggest that several genes exhibit differential m R N A levels following p53 induction, the overwhelming majority of genes expressed in apoptotic cells were expressed at identical levels in asynchronously growing cells. In fact, no evidence was found for wild-type p53 acting as a global repressor of generalized transcription during either growth arrest or apoptosis (data not shown). Additionally, although several eDNA clones encoding genes with reduced or enhanced expression following p53-dependent apoptosis (Vml0 cells)were successfully isolated, these genes were all regulated identically in G1 growth arrest (Val5 cells). These data argue that transcriptional repression following p53 induction may be necessary, but not sufficient, for the induction of apoptosis. Therefore, it seems most likely that genes found subject to negative regulation during apoptosis will have a role in the execution or progression of this process, rather than the c o m m i t m e n t or initiation. The gene encoding Map4 has been identified as one exhibiting significant decreases at both the m R N A and protein levels following the induction of wild-type p53. During apoptosis this decrease in protein level is accompanied by what m a y be a post-translational alteration that causes dramatic and rapid alterations of the organization of both MAP4 and cellular microtubules. Treatment of V m l 0 cells cultured at 39~ with 50 ~M etoposide, to induce p53-independent apoptosis, causes similar alterations in the organization of MAP4 (data not shown). Therefore, it is likely that this additional level of negative regulation is p53-independent. Significantly, data from transient transfection analyses indicate that prevention of both forms of MAP4 down-regulation (mRNA down-regulation and changes in protein organi-Cold Spring Harbor Laboratory Press on November 1, 2017 -Published by genesdev.cshlp.org Downloaded from zation) by overexpression of this protein can delay the onset of phenotypic indicators of apoptosis, such as the appearance of fragmented DNA. This effect appears to be specific for apoptosis, as overexpression of MAP4 in Val5 cells does not alleviate p53-mediated growth arrest (M. Murphy and A.J. Levine, unpubl.) . These data strengthen the previously implied link between p53-mediated transcriptional repression and apoptosis.
Previous studies from several groups have provided conflicting results as to the need for p53-mediated transactivation for the process of apoptosis. Whereas some studies have found the transactivation domain of p53 to be essential for the ability of this protein to induce apoptosis (Sabbatini et al. 1995b) , other studies have indicated that this domain may be dispensable for apoptosis induction (Haupt et al. 1995) . It is likely that these differences are dependent on the cell type employed in each study. Experiments reported here demonstrate that the same codons critical for p53-mediated transactivation (codons 25 and 26 of murine p53) are also essential for the ability of this protein to mediate transcriptional repression of Map4. Therefore, studies that utilize mutations in this p53 domain require caution in the interpretation of results, as both transcriptional activation and repression are mediated by this domain.
MAP4 is a protein that is known to bind, polymerize, and stabilize microtubules (Olmsted 1991 ) . Microtubule destabilization has been reported previously to be associated with the initiation or progression of apoptosis in certain cell types (Martin and Cotter 1990; Miyashita and Reed 1992) . Additionally, MAP4 can also interact with actin (Maccioni and Carnbiazo 1995; our unpublished observations) and catalyze the polymerization of actin monomers into filamentous actin in vitro (Maccioni and Cambiazo 1995) . Therefore, decreased MAP4 levels during apoptosis may affect the rounding up and cellular collapse evident during this process, as well as the abnormal vesicle formation that occurs (Wyllie et al. 1980 ). An interaction between MAP4 and cyclin B recently has been established (Ookata et al. 1995) , raising the interesting possibility that MAP4 alterations can affect cdc2-kinase activity or localization during apoptosis; such alterations have been reported to be influential or even causal to the apoptotic program (Shi et al. 1994} .
The results presented here support the possibility that p53 is a transcriptional repressor, perhaps when it is bound with other transcription factors. Several other candidate p53-repressed genes have been identified previously (Miyashita et al. 1994; Zhang et al. 1996) . However, the validity of these results is limited by the fact that these previous repression studies were performed in transient expression assays, where p53 is overexpressed and has strong squelching activity on many (nonphysiologically regulated) promoters. Map4 represents the first gene shown to exhibit decreased expression following the physiological induction of wild-type p53 (induced by UV irradiation). The elucidation of the mechanism whereby p53 negatively regulates the expression of this gene now awaits the cloning and characterization of the Map4 promoter and delineation of those regions necessary to confer transcriptional repression.
Materials and methods
Cell culture and establishment of stably transfected cell lines
The cell lines Val5, Vml0, 10.1, C18, 10.1Val5 25/26, and Vas5 were generated and maintained as described (Wu et al. 1993; Wu and Levine 1994; Bayle et al. 1995; Sabbatini et al. 1995b; Chen et al. 1996) . The 10VmH cell line was established from routine 10.1 cells transfected with a plasmid construct encoding the temperature-sensitive valine 135 p53 mutant coupled with CMV-c-myc and a hygromycin resistance gene as a selectable marker (X. Wu and A.J. Levine, unpubl.) . These cells were maintained in DMEM with 10% fetal bovine serum (FBS) and 200 U/ml hygromycin B (Calbiochem). The T21 cell line was established from a T-cell lymphoma from a mouse transgenic for the routine valine 135 p53 mutant driven by the lymphotrophic papovavirus promoter/enhancer, and crossed into p53 knockout mice such that the mutant transgene is the only p53 allele (J. Chen and A.J. Levine, unpubl.) . This line was maintained at 39~ in RPMI supplemented with 10% FBS and 0.05 mM [3-mercaptoethanol. For apoptosis induction, 50% confluent plates were incubated for 24 hr in normal media supplemented with 1.0 p,M dexamethasone (Sigma). Apoptosis was monitored by nuclear morphology and DNA ladder formation, as described {Chen et al. 1996) .
The cell lines 10VmH-A, 10VmH-C, 10VmH-WT1, and 10VmH-WT2 were generated by stable transfection of 10VmH cells via Lipofectamine transfection using protocols supplied by the manufacturer (Gibco/BRL) with plasmids encoding CMVneo-Bam3, CMV-E1B-19K, and CMV-WT1 (encoding the fulllength, unspliced WT1 cDNA, provided by F. Rauscher, Wistar Institute, Philadelphia, PA), respectively. 10VmH-C lines were confirmed to express E1B-19K at the RNA level by Northern analysis (data not shown); 10VmH-WT cell lines were confirmed to express WT1 at both the RNA and protein levels using Northern analysis and immunoprecipitation of radio-labeled cell extract with rabbit polyclonal sera generated against WT1, kindly provided by F. Rauscher.
RNA isolation, Northern and run-on analysis, differential display, cDNA cloning and sequencing, RNase protection, UV treatment
Total cellular RNA was isolated after lysis of cells in guanidine-HC1 and centrifugation on cesium chloride cushions, as described {Murphy et al. 1993) . Northern blotting and hybridization was performed as described (Wu et al. 1993) ; for the induction of apoptosis, EB-1 cells were grown in media supplemented with 0.1 mM ZnCI2, as described (Shaw et al. 1992) . Differential display was performed according to protocols provided by the manufacturer (GenHunter). cDNA clones isolated from polymerase chain reaction (PCR) were cloned into TA vector (Invitrogen) and sequenced using Sequenase V.2 as per the supplier {US Biochemical). The DD14 cDNA represents base pairs 5043-5297 of murine Map4 (numbering is as per MusMap4a GenBank entry). The sequence of DD1 has been submitted to the GenBank data base, under accession no. U62545.
RNase protection was performed on independently derived RNA samples generated at least in triplicate using RNA probes generated by in vitro transcription in the presence of [a-32P]UTP (10 ~Ci/~l, NEN) using protocols derived from the manufacturer (MAXIscript, RPA II, Ambion). For UV treatment, media was removed from asynchronously growing C127, A31, or 10.1 cells and cells were irradiated for 5 sec with a germicidal lamp that delivered 2 J/m2/per sec; cells were isolated 0, 4, 8, 12, and 24 hr following irradiation, and RNA was isolated and analyzed as described previously. Nuclear run-on analysis was performed essentially as described (Ausubel et al. 1994) , except that 7.5 x 10 6 nuclei were labeled with 15 ~Ci of [~-32p]UTP (NEN). Filters were washed 2 x 1 hr at 65~ in 2 x SSC, and 1 x 1 hr in 1 x SSC with 10 jxg/ml RNase A at 37~ Quantitation of signal was perfomed on a PhosphorImager Molecular Diagnostics).
Antibody generation, Western blotting, immunofluorescence
Nucleotides 1195-2655 of the full-length murine Map4 cDNA (numbering is as per the GenBank submission MusMap4a) were cloned into the SmaI site of pGEX-3X (Pharmacia), and GST fusion proteins were synthesized and purified on glutathioneSepharose {Pharmacia) as described (Frangioni and Neel 1993) and used to generate rabbit polyclonal antisera, as described (Harlow and Lane 1988) . Immunoprecipitation-Western analysis was performed as described (Del Sal et al. 1996) .
Immunofluorescence was performed as described (Harlow and Lane 1988) using I1:5 rat-antimouse MAP4 monoclonal supernatant, or a 1:50 dilution of polyclonal rabbit-antimouse MAP4. A 1:500 dilution in phosphate-buffered saline, 1% bovine serum albumin, 0.05% Tween-20 (PBSBT) of either goatantirat biotin (Jackson) or goat-antirabbit biotin (Jackson) was used as secondary antibody, followed by a 1:1000 dilution in PBSBT of streptavidin-cy3 (Jackson). Cells were washed, mounted, and visualized as described (Harlow and Lane 1988) using a confocal microscope (BIORAD MRC600). Similar results were obtained using both antibodies.
Plasmid generation, CD20/FA Cscan analysis
The plasmid KO42, encoding full-length murine Map4 in pBluescript, was the kind gift of Joanna Olmsted (University of Rochester, NY). The NotI-ApaI full-length Map4 fragment from this plasmid was cloned directionally into pCDNA3 (Invitrogen); full-length Map4 was digested out of this plasmid using EcoRV and ligated to BamHI adaptors. This insert was then cloned into pCMV-neo-Bam3 (Chen et al. 1995) to generate CMV-Map4. Vml0 cells were grown to 70-80% confluence in 15-cm plates, and were transiently transfected with 4 Izg of pCMV-CD20 (courtesy of Sander van den Heuvel, Massachusetts General Hospital, Boston) and 20 ~g of CMV-Map4, CMV-neo-Bam3, or CMV-bcl2 (kindly provided by Jerry Shen and Tom Shenk, Princeton University, NJ) using Lipofectamine, as indicated by the supplier (Gibco/BRL). Thirty-six hours following transfection, cells were shifted to 32~ for 8 or 24 hr, after which they were harvested and stained with fluorescein-conjugated anti-CD20 and propidium iodide, as described (van den Heuvel and Harlow 1993) . Analysis of stained cells was made on an EPICS fluorescent-activated cytometer (Coulter).
